A coarse-grained, rigid-rod model that includes steric interactions and an internal dipole is used to study monolayers of surfactant molecules tethered to a flat interface. Monte Carlo simulations are performed in the canonical ensemble for a range of high-density configurations with varying degrees of dipole strength. Both a melting transition and a tilting transition are observed, and the dependence of the transitions on the surfactant molecules' internal dipoles is examined. Simulation results indicate that at high packing densities, the monolayers exist in a frustrated state due to dipole-dipole repulsions and steric interactions. Tilting of the surfactant molecules increases the magnitude of the dipole-dipole attractions and lowers the overall system energy, but is limited by steric repulsions. In simulations with higher dipole strengths, the melting and tilting transitions are found to be coupled. The formation of nanodomains with increased collective tilt and positional order in these systems suggests a possible mechanism for the coupling.
I. INTRODUCTION
Monolayers of organic films formed on liquid surfaces have attracted increased attention recently due to their potential uses in a wide variety of technological applications. Langmuir monolayers can serve as precursors to LangmuirBlodgett films, which have been used in applications ranging from electro-optic devices to biochemical sensors.
1 Molecular electronic junctions constructed from Langmuir monolayers on mercury have been formed as well, suggesting a potential route for creating and characterizing molecular electronic devices. 2 Langmuir films have also proven vital in more fundamental scientific studies such as understanding the physics of quasi-two-dimensional ͑2D͒ matter or the properties of biomembranes. A common theme linking the aforementioned applied and basic scientific studies is the importance of understanding, and in some cases controlling, the internal organization and phase behavior of Langmuir monolayers.
Several theoretical and experimental works have been conducted in order to achieve this aim. 3 A myriad of simulation studies have sought to elucidate the rich phase behavior of monolayers composed of amphiphiles, examining the roles of factors such as head group size, chain length, and chain flexibility. 4, 5 Most simulation studies have employed coarse-grained models to represent the amphiphiles, tailored to include only the interactions and degrees of freedom that are deemed most critical for understanding the phase behavior in question. The present study adopts a similar strategy.
Of interest in this work is the interplay between shortrange steric interactions due to van der Waals forces and long range interactions due to dipole-dipole forces. While previous works have primarily examined pattern formation and unique phase behavior due to dipole-dipole interactions between the hydrophilic head groups of amphiphiles, 6 additional dipole-dipole interactions are possible in Langmuir monolayers. For example, in semifluorinated n-alkanes F͑CF 2 ͒ n ͑CH 2 ͒ m H, the dipoles arising from the CF 2 -CH 2 junction, as well as the terminal CF 3 and CH 3 groups contribute to a significant overall dipole. 7 This dipole is expected to affect the packing as well as the phase behavior of Langmuir monolayers composed of fluorocarbonhydrocarbon diblocks. Additionally, in Langmuir films formed on mercury, it has been shown that it is possible to modulate the total dipole moment of the constituent molecules by changing the chemical derivatization within the tail group. 8 Again, differences in the phase diagram stemming from different dipole moments would be expected. In order to describe the general behavior of Langmuir monolayers composed of molecules with internal dipoles without attempting to model a specific surfactant, we use a coarse-grained model that includes both steric and electrostatic interactions. The high-density regime is probed, and tilting transitions, as well as a 2D melting process are observed and characterized using a range of order parameters. Results indicate that the system exists in a frustrated state at high densities due to dipole-dipole repulsions and steric interactions. Collective tilting of the model surfactant molecules is found to lower the overall potential energy of the system by allowing molecules to experience greater dipoledipole attractions, but such tilting is limited by steric effects. The melting and tilting transitions are observed to be coupled in certain regimes, and the interplay between the two is discussed in detail. Metastable states are discussed briefly as well.
II. COMPUTATIONAL DETAILS

A. Model details
A rigid rod model with four Lennard-Jones centers is used to describe the surfactant molecules that compose a monolayer grafted to an interface. The Lennard-Jones potentials are truncated and shifted resulting in purely repulsive interactions. Each rod contains equal positive and negative charges located on the second and third LennardJones spheres, respectively ͑Fig. 1͒; head and end monomers are uncharged. The four monomers are equally spaced along the rod with a distance of 0.67 separating them. Steric interactions between monomers on different chains are described by
where LJ provides a measure of the "hardness" of the repulsive potential, is the range of the Lennard-Jones potential, and r ij is the distance between the monomers. The cutoff radius is r c =2 1/6 . This choice effectively removes the attractive part. Coulomb interactions between monomers on different chains are described by
where e is the fundamental unit of charge, q i and q j are the number of charges on the two monomers ͑in units of e͒, and s is the static permittivity of the system. The head group monomer in a chain is defined as the Lennard-Jones center in contact with the xy plane ͑z =0͒. This monomer is restricted to translations in the xy plane, while the rest of the rod is allowed to rotate such that all other monomers remain above the xy plane ͑z Ͼ 0͒. The z = 0 surface is flat and completely insulating: no electrostatic response occurs due to the presence of the charges above the plane.
Our model has been designed to provide insight on the effects of internal dipoles on tilt order and translational order in monolayers of surfactant molecules. Because the only attractive interactions in the model are due to Coulomb forces, observed tilting transitions may be attributed to long range electrostatic forces as opposed to attractive Lennard-Jones interactions studied in other works. 5, [9] [10] [11] Repulsive interactions between rods due to dipole-dipole forces also have a dramatic effect on the translational order. At high densities, rods are unable to completely minimize their electrostatic energy because tilting is inhibited by steric interactions. This results in a frustrated system with charge-dependent translational order.
The choice of a rigid chain as opposed to a flexible one reflects our interest in studying high density configurations in which intrachain conformational entropy is expected to be much less dominant in determining monolayer structure. Consequently, certain liquid-liquid phase transitions that depend upon intrachain entropy will not be observed with our model.
11,12
B. Simulation details
We perform off-lattice canonical Monte Carlo simulations with 1024 rods in a rectangular simulation cell with dimensions ͑L y / L x = ͱ 3 / 2͒ designed to accommodate hexagonal packing. In each trial move, a single rod is randomly selected and a translation or rotation move is performed ͑the choice of which is also random͒. The sizes of the rotation and translation steps are adjusted independently to maintain a Metropolis acceptance ratio of 0.5 for each type of move. Periodic boundary conditions are implemented in the x and y directions, and Coulomb interactions are truncated at L y / 2.
Dimensionless units are chosen using = 1 and e 2 / 4 s = 1. In these units, the reduced temperature is defined as
where l b is the Bjerrum length. The strength of the steric repulsion between monomers is dictated by LJ , which is set to be LJ = kTl b ‫ء‬ . Simulations were performed over a range of densities were performed to equilibrate the system, followed by another 500 000 MCS with data collected every 500th MCS. One Monte Carlo step is defined as N attempted moves, where N is the number of rods in the system.
III. RESULTS AND DISCUSSION
Surface pressure-density isotherms are shown in Fig. 2 for simulations run with different charge strengths. The surface pressure is calculated using the virial theorem
where i runs over all rods, f͑r ij ͒ is the force between two rods, and r ij is the distance between the centers of mass of the rods. The isotherms in Fig. 2 indicate the presence of a phase transition occurring near ‫ء‬ = 0.77-0.81, where the transition density depends on the strength of the rods' charges. As the charge strength increases, the transition density drops to lower values.
A. Melting transition
A melting transition similar to those studied in 2D ͑Ref. 14͒ is partly responsible for the observed kinks near ‫ء‬ = 0.80 seen in Fig. 2 . The transition occurs as particles in a disordered state are compressed until they are forced to pack hexagonally. The Langmuir monolayers studied here are nearly 2D; the head monomers may be understood as 2D particles with the rotation of the tail monomers acting as an internal degree of freedom. Consequently, the order-disorder transition may be characterized using order parameters utilized in 2D melting studies, namely, a local bond orientation order parameter defined as
where the sum on j runs over the nearest neighbors of particle i, the number of nearest neighbors is defined as n i , and ij is the angle between the line connecting head monomers i and j and an arbitrary axis. 14 The number of nearest neighbors of monomer i is computed by counting the number of head monomers that lie within a distance determined by the position of the first peak in the system's radial distribution function of head monomers, defined by
͑6͒
Here r ij is the distance between head monomers i and j, and N is the number of rods.
Additionally, the melting transition may be characterized via a bond orientation correlation function
͑8͒
In Eq. ͑8͒, the sum on i runs over all N head monomers. A global bond orientation order parameter may be defined as well
Radial distribution functions as well as bond orientation correlation functions of the q = 0 and q = 1.5 systems are shown in Fig. 3 . The onset of long range positional order is evident in both systems from plots of the radial distribution functions, and the bond orientation correlation functions clearly show a shift in the order-disorder transition densities from approximately ‫ء‬ = 0.80-0.81 in the uncharged system to ‫ء‬ = 0.76-0.77 in the q = 1.5 system. The charge-dependence of the melting transition densities is also visible in plots of the ͉͗⌿ 6 ͉͘ order parameter ͑Fig. 4͒. The results in Fig. 4 show a sharp rise for all charge strengths at or below densities of ‫ء‬ = 0.80, indicative of an order-disorder transition of the head monomers. The dependence of the melting transition on electrostatic strength is evident for runs with charges of q Ն 1.2. In these cases, the order parameter rises at progressively lower densities as the charge increases in contrast to simulations with charges of q Յ 1.1, where the order parameter begins to jump in a similar density range ͑ ‫ء‬ = 0.79-0.80͒ regardless of charge strength.
The dependence of the positional order on charge strength is to be expected given the large dipole-dipole repulsions that exist in the highly frustrated system: steric interactions force the rods to pack nearly upright in high density configurations, thus increasing the repulsive electrostatic forces between rods. The apparent existence of two regimes is not so easily explained, however. In order to understand why systems with charges of q Յ 1.1 have similar transition densities while simulations with q Ն 1.2 show a monotonic decrease in transition density as a function of increasing charge strength, it is necessary to examine the tilt order of the monolayers. 3 vs density in units of 2 at constant temperature for q =0 ͑black͒, q = 0.5 ͑red͒, q = 1.0 ͑brown͒, q = 1.1 ͑cyan͒, q = 1.2 ͑green͒, q = 1.3 ͑violet͒, q = 1.4 ͑orange͒, and q = 1.5 ͑ma-genta͒. Inset shows transition region.
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B. Tilting transition
The tilt order of the rods is described by ͗cos ͘ where is the tilt angle of the rods from vertical, and by the normalized projection of the rods onto the xy plane given by
which is a measure of collective tilt. The x and y components of the projection are averaged over all the rods in a configuration and denoted by ͓x͔ and ͓y͔. The length of the rod is given by l. Values for the tilt order parameters are shown in Fig. 5 . Systems with greater charge strengths exhibit greater tilt ͑lower ͗cos ͘ values͒ at all densities demonstrating the propensity for charged systems to minimize their electrostatic potential energy by lying down and taking advantage of dipole-dipole attractions. As the monolayers are compressed, the rods are forced to stand upright due to steric interactions. For systems with charges, ͗cos ͘ exhibits a dip as the density increases indicating the presence of a possible tilt transition. Evidence for a transition is also seen in the R xy order parameter where the collective tilt jumps at different charge-dependent densities. Both the size of the increase in R xy , as well as the shape of the curve are dependent on the charge strength, with the rise in R xy becoming steeper and occurring at lower densities for higher charges. At a charge of q = 1.1, the increase becomes nearly vertical and occurs at a density very close to the melting transition. Systems with charges of q Ն 1.2 show the same sharp increase in R xy occurring at densities that become progressively lower. Comparing the plots in Figs. 4 and 5 suggests a coupling between tilting and melting transitions in systems with charges larger than q = 1.1, and decoupled transitions for weaker charges. This coupling is similar to that observed in earlier works where tilting transitions caused by LennardJones attractions were coupled to head group order in simulations of coarse-grained models. 5, 9 In our study, the tilting transitions appear to drive the melting transition to lower densities after the two are coupled. Unlike the melting transition in systems with charges of q Յ 1.1 ͑in which all systems experience an increase in head group order at approximately the same density͒, the tilting transitions in simulations with higher charge occur at different densities. As the tilting transition density approaches the melting transition density at q = 1.1, the transitions couple and both shift to lower densities for charges q Ն 1.2.
C. Coupled transitions
Of particular interest in this study is the mechanism of how phase transitions release frustration in a geometrically constrained environment. In order to search for and understand local domains within the monolayer structures at or near the melting transitions, local order parameters are calculated. Simulation boxes are discretized into 32ϫ 32 grids of equal sized bins ͑corresponding to one rod per bin on average͒, and order parameters are then calculated within each bin. The analog for Eq. ͑5͒ is then
where the sum on i runs over all M monomers found within a particular bin a for a single configuration. The sums are then averaged over all values in a single bin yielding 1024 order parameters, one per bin. Similarly, the R xy order parameter may be calculated within individual bins
Here, ͓x͔ a and ͓y͔ a are the averages over all configurations of the x and y projections of rods within a particular bin a. A final measure of order is the average azimuth angle of the rods within a bin. This measure of tilt direction is calculated by finding the angle between the head-to-end vector projected on the xy plane and an arbitrary axis. The azimuth angle complements the R xy order parameter by revealing if regions with collective tilt have the same average tilt direction as their neighbors. The local values of the three order parameters provide a means to visualize the formation of tilt domains and/or domains of head group order. Representative samples of high-charge and low-charge systems are shown in Fig. 6 . The color maps show values of the ͉͗⌿ 6 ͉͘ a and ͑R xy ͒ a order parameters, as well as the average azimuth angle for systems with charges of q = 0 and q = 1.3 and densities at the corresponding melting transitions ͑ ‫ء‬ = 0.798 for q =0, ‫ء‬ = 0.7875 for q = 1.3͒. The q = 0 results indicate that there is negligible collective tilt on the surface, the melting transition occurs homogeneously across the simulation box, and the azimuth angles of the rods' tilts average to zero. The q = 1.3 results paint a very different picture. A tilt domain forms with rods tilted in the same direction and the melting occurs nonhomogeneously. The rods within the tilt domain generally have higher local bond orientational order compared with the rods outside. This supports the earlier assertion that the two transitions are coupled at higher charge strengths and provides a possible mechanism as to how the melting transition occurs in systems with higher charge.
An important point to mention in the discussion of tilt domains and 2D melting is the role that finite size effects play in our results. We have not attempted to characterize the order of the melting transition due to the computational challenges associated with distinguishing between a solid phase and a hexatic phase. In purely 2D studies, it has been shown that very large simulations combined with a careful finitesize scaling analysis are necessary to distinguish between phases. 14, 16 The radial distribution functions and bond orientation correlation functions in Fig. 3 indicate long-range positional order in our simulations, but our system size is too small to definitively claim a solid or hexatic phase. Similarly, the sizes and shapes of the tilt domains in our simulations are very likely affected by the finite size and fixed shape of the simulation cell. While the actual sizes of the tilt domains are unknown, the general mechanism of melting and the coupling between tilting transitions and melting transitions is expected to hold.
D. High density metastable states
Systems at high densities with strong charges may exhibit long-lived metastable states due to the frustrated nature of the system being studied. Steric repulsions combined with dipole-dipole repulsions lead to a frustrated system in which tilting is one of the few options to lower the overall potential energy. Consequently, tilt domains may form in which the system reaches a local energy minimum but cannot escape to the global minimum due to energy barriers imposed by repulsive interactions. Such behavior was observed in simula- To understand the structure of the metastable states, color maps of R xy and azimuth angles for the two systems are shown in Fig. 7 . The local order parameters indicate that striped tilt domains form with both domains exhibiting collective tilt, but in opposite directions. It is likely that the size and shape of the domains are dependent on the size and shape of the simulation box. Configurations obtained from additional simulations exhibited uniform tilt ͑see 
where N is the number of rods. While differences in the reduced energies are between 0.2 and 0.3, the kinetic barrier for relaxation between states is likely higher, resulting in long-lived metastable states.
IV. SUMMARY
Using Monte Carlo simulations, we have examined the melting transitions and tilting transitions of coarse-grained, rigid rod molecules containing an internal electric dipole. High density configurations have been studied in which a high degree of frustration is present due to repulsions resulting from steric and dipole-dipole interactions. Collective tilting releases some of this frustration by taking advantage of dipole-dipole attractions between rods. At higher dipole strengths, the melting and tilting transitions are found to couple. It is suggested that the tilting transitions drive the melting transitions to occur at lower densities. Results indicate that a possible mechanism for this coupling involves the FIG. 6 . Color maps of ͑R xy ͒ a for ͑a͒ q = 1.3 and ͑b͒ q =0, ͉͗⌿ 6 ͉͘ a for ͑c͒ q = 1.3 and ͑d͒ q = 0, and azimuth angle for ͑e͒ q = 1.3 and ͑f͒ q = 0 at densities of ‫ء‬ = 0.798 for q =0, ‫ء‬ = 0.7875 for q = 1.3. The selected densities correspond to the respective systems' melting transitions. The q = 1.3 plots are representative of the analogous plots for systems with q Ն 1.2 at the melting transition, as are the q = 0 plots for systems with q Յ 1.1. Axis labels are in units of .
presence of domains with collective tilt and increased hexagonal order at densities near the melting transition. In systems with low charge, the tilting transition occurs at densities greater than the melting transition, and the melting transition is found to be relatively independent of charge strength.
Finite size effects are expected to alter the quantitative results, but the qualitative results are expected to remain the same. Investigations with larger system sizes may enable the determination of the order of the melting transition. The model could also be modified to include more realistic substrate interactions, greater chain flexibility, or more complicated molecular shapes, all of which would increase the complexity of the phase behavior.
At present, the model is general and attempts to provide insights on the competition between long and short range interactions in Langmuir monolayers. The results indicate that an internal electric dipole can serve as an additional knob with which to tune the phase behavior and structure of monolayers. Applications in which nanodomains with selective order are controlled by external electric fields may be envisioned. Such structural control of adsorbed and chemisorbed monolayers will be of the utmost importance as the field of interface engineering continues to grow at the nanoscale. 
